What are the individual and combined effects of muscle-specific peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) overexpression and physical activity during high-fat feeding on glucose and exercise tolerance? r What is the main finding and its importance?
Introduction
The development of insulin resistance (IR) and subsequent type 2 diabetes mellitus remains a major public health crisis in the USA and globally. Current estimates demonstrate that more than one-third of Americans are obese, and rates of obesity and type 2 diabetes mellitus have continued to increase over the past 10 years despite public health initiatives (Flegal et al. 2016) . Although the reasons for obesity and its associated co-morbidities are multifaceted, current recommendations remain caloric restriction and exercise to mitigate detrimental effects of obesity and type 2 diabetes mellitus (American College of Sports Medicine (ACSM), 2014).
Mitochondria, the predominant energy suppliers to the cell, have been implicated in the deterioration of myocyte health during insulin resistance (Kelley et al. 2002; Mogensen et al. 2007; Koves et al. 2008) . Mitochondrial function and quality can be dramatically improved by exercise, subsequently leading to improvements in glucose handling Gong et al. 2015; Kim et al. 2015; Slentz et al. 2016) . The major regulator of mitochondrial quality control is the transcriptional coactivator, peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), which is increased with endurance exercise Greene et al. 2015) .
As mitochondrial dysfunction is a major mechanism for IR, it has been suggested that increasing PGC-1α content in the muscle might be protective against lipid-induced IR (Choi et al. 2008) . However, data regarding the efficacy of muscle-specific PGC-1α overexpression during diet-induced obesity have yielded mixed results (Miura et al. 2003; Benton et al. 2008; Choi et al. 2008; Summermatter et al. 2010; Wong et al. 2015) . Some studies using lipid overload models have found muscle-specific transgenic overexpression of PGC-1α to exacerbate IR (Miura et al. 2003; Choi et al. 2008) , whereas transient transfection-based overexpression appears protective against IR (Benton et al. 2008) . Additionally, when exercise is introduced alongside PGC-1α overexpression there are conflicting data. One group found augmented glucose handling with exercise during hypercaloric feeding (Summermatter et al. 2010) , whereas another group found no difference in exercise-induced improvements in insulin sensitivity (Wong et al. 2015) when PGC-1α is genetically overexpressed. Therefore, it remains unclear how muscle-specific overexpression of PGC-1α affects glucose handling during instances of lipid overload, specifically when in conjunction with physical activity.
Conversely, a separate mechanism, autophagy, has recently been implicated in the development of IR . Autophagy is a cellular process serving to remove dysfunctional proteins and organelles by sequestering organelles within an autophagosome and degrading them by lysosomal reaction (Klionsky et al. 2016) . Previous research has demonstrated deteriorations in autophagic function during IR (Yuzefovych et al. 2013; Bollinger et al. 2015; De Stefanis et al. 2015; Kruse et al. 2015; Liu et al. 2015) and inhibition of autophagy to intensify lipid-induced IR He et al. 2012) . Furthermore, exercise enhances muscle autophagy, both acutely (Vainshtein et al. 2015; Ju et al. 2016 ) and chronically (Jamart et al. 2012; Lira et al. 2013; Halling et al. 2016) , whereas inhibition of autophagy hinders some exercise-induced adaptations (He et al. 2012; Lira et al. 2013; Ju et al. 2016) . As previous literature concerning PGC-1α and glucose handling remains controversial and, to our knowledge, none of the aforementioned studies concurrently investigated autophagy, it is possible that autophagy might be a significant underlying mechanism contributing to some of the controversy.
The primary purpose of this study, therefore, was to resolve discrepancy on the impacts of muscle-specific overexpression of PGC-1α and physical activity-induced improvements in glucose tolerance during diet-induced obesity. We observed that sedentary mice develop glucose intolerance after 8 weeks of high-fat diet regardless of PGC-1α content. Furthermore, exercise-induced protection was not dependent on PGC-1α content, suggesting that PGC-1α was likely not to be the primary mediator of these adaptations. As such, the secondary purpose of this study was to examine intracellular signalling via autophagy to provide preliminary evidence of mechanisms that facilitate exercise-induced adaptations.
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Methods
Ethical approval
All methods were approved by the University of Arkansas Institutional Animal Care and Use Committee, which adheres to the US National Institute of Health's Office of Laboratory Animal Welfare Guidelines (Approval # 14008).
Animals and interventions
Animals were bred and housed at the University of Arkansas animal care facility in a secure, temperatureand humidity-controlled environment on a 12 h-12 h light-dark cycle. Muscle-specific overexpressors of PGC-1α under the muscle creatine kinase promoter (MCK-PGC-1α) on a C57BL/6J background were a generous gift from Dr. Bruce Spiegelman. Male MCK-PGC-1α transgenic mice and wild-type (WT) littermates were bred at the University of Arkansas animal laboratory facility as previously described . Briefly, animals were weaned and genotyped using tail DNA at 3-4 weeks of age, and genomic DNA was assessed by PCR followed by agarose gel electrophoresis. At 8 weeks of age, animals (ß20 WT and ß20 MCK-PGC-1α) began consumption of a Western diet (WD; 42% kcal by fat plus 1.5 g cholesterol (kg diet) −1 ; D12079B; Research Diets, New Brunswick, NJ, USA) as previously published (Funai et al. 2013; Stanford et al. 2013; Greene et al. 2015) ; this diet does not contain additional sugars, such as sucrose or fructose. All animals consumed WD and water ad libitum for the remainder of the study. As our focus was on the impacts of PGC-1α overexpression and physical activity on glucose intolerance, we focused on WD feeding and used pre-WD measures as our control in lieu of a separate low-fat diet control group. After 4 weeks of WD, animals were randomly divided into sedentary (SED) or voluntary wheel running (VWR) conditions in singly housed cages (n = ß10 per group). Wheel running was monitored with Hall effect sensors connected to an eight-channel wheel counter interface and MDI Multi Interface Software (Columbus Instruments, Columbus, OH, USA) as previously described . Animals continued physical activity interventions for an additional 4 weeks. Twenty-four hours before the end of the experiment, wheels were removed from cages to reduce the possibility of effects of acute exercise on final outcomes. Animals were humanely euthanized by CO 2 asphyxiation with confirmation by cervical dislocation, a method acceptable by AVMA Guidelines on Euthanasia, and tissues were collected and snap frozen in liquid nitrogen for later analysis. Tibias were concurrently collected and assessed for total length as an estimate of total body size free of WD-induced weight gain (Reiss et al. 1996; Okutsu et al. 2014) ; tibial length did not differ among groups. The authors understand the ethical principles under which the journal operates, and our work complies with the animal ethics guidelines set forth by the journal. The animal experimental design can be found in Fig. 1 .
Glucose tolerance testing
Glucose tolerance tests (GTT) were performed at 7, 11 and 15 weeks of age, corresponding to pre-WD, pre-VWR interventions and post-VWR interventions, as described by Greene et al. (2015) . Briefly, animals were fasted for 6 h and given a bolus of glucose [1.5 g glucose (kg body weight)
−1 dissolved in sterile saline] by I.P. injection. Blood glucose concentrations were measured at time points 0 (pre-injection), 30, 60 and 120 min postinjection. Glucose concentrations were measured with a Relion R Ultima diabetic glucometer (Abbott Diabetes Care, Alameda, CA, USA). Data were analysed as the integrated area under the curve (IAUC).
Graded exercise test
Graded exercise tests (GXT) were performed as previously described (Lira et al. 2013; Greene et al. 2015) at 7, 11 and 15 weeks of age, corresponding to pre-WD, pre-VWR interventions and post-VWR interventions. Briefly, animals were acclimated to the treadmill 3 days before the GXT for 5-10 min at 13.4 m min −1 . On the day of the test, animals began at 13.4 m min −1 and 0% incline for 10 min. The speed and gradient were then increased to 18.8 m min −1 and 5%, respectively. Thereafter, the incline remained constant and speed was increased by 2.7 m min −1 (0.1 m. Images were collected with a Nikon Sight DS-Vi1 camera mounted on an Olympus (Tokyo, Japan) CKX41 inverted microscope and analysed with Nikon Basic Research Imaging Software (Melville, NY, USA). All images were mounted with a glycerol-based mounting medium and a coverslip. Haematoxylin-and Eosin-stained images were analysed for cross-sectional area (CSA), and SDH images were analysed for SDH-positive fibres [manual count of SDH-positive (purple) to total fibres] as previously described (Luquet et al. 2003; White et al. 2011) . Two separate investigators performed measurements and were blinded to animal groups and each other's measurements. Intra-rater reliability was determined between the investigators and was found not to differ statistically.
Isolation of protein and immunoblotting
Protein homogenization and immunoblotting of the gastrocnemius muscles were performed as previously described Greene et al. 2015; Lee et al. 2016; Rosa-Caldwell et al. 2017) . Membranes were imaged using a FlourChem M (Protein Simple, San Jose, CA, USA) and protein content was normalized to Ponceau S. Primary antibodies included the following: cytochrome c oxidase 4 (COX IV) ( (Chen et al. 1997) , with bands shown at ß22-30 and at ß50-55 kDa; therefore, BCL2 Interacting Protein 3 (BNIP3) was quantified as the sum density of both bands. microtubule-associated protein 1A/1B-light chain 3 (LC3) lipidates from LC3I to LC3II during autophagosome formation, forming two bands at ß14 and ß16 kDa (Kouno et al. 2005) ; therefore, the total density of both bands, the ratio of LC3II to LC3I, and the density of LC3II were quantified. Furthermore, previous literature has demonstrated blunted exercise adaptations with measurements of autophagy that hinder autophagosome/lysosome binding (Ju et al. 2016) , and previous literature has demonstrated immunoblotting to give similar results to other methods (Miyagawa et al. 2016) ; therefore, we opted for only immunoblotting methods for our measurement and interpretation of autophagy.
Statistical analysis
For GTT and GXT, independent factors included time (7 versus 11 versus 15 weeks), physical activity (SED versus VWR) and genotype (MCK-PGC-1α versus WT). A 3 × 2 × 2 repeated-measures ANOVA was used to compare least-squares means across groups and across time points (MODEL = Genotype PA Time Genotype * Time PA * Time PA * Genotype PA * Genotype * Time). A χ 2 analysis was used to determine frequency differences between groups for cross-sectional area. Pearson correlations were used to determine the relationship between distance run per day and IAUC, body weight and epididymal fat. For all other cross-sectional data, least-squares means (15 week time point) were analysed by 2 × 2 ANOVA with independent factors of genotype and physical activity (MODEL = Genotype PA Genotype * PA). When significant F ratios were found, Fisher's LSD post hoc analysis was used to determine differences between least-squares means with α set at 0.05. All data were analysed using the Statistical Analysis System (version 9.3; SAS, Cary, NC, USA), with all ANOVAs performed using the PROC MIXED function to allow for unequal sample size and control of covariance structure for repeated measures and presented as least-squares means ± SEM.
Results
MCK-PGC-1α animals had lower total body and fat mass compared with WT counterparts
MCK-PGC-1α animals weighed less [main effect, F(1,34) = 4.22, P = 0.047, ß5%] and had less epididymal fat compared with WT [main effect, F(1,34) = 3.93, P = 0.055, ß18%; Table 1 ]. Voluntary wheel runing also appeared to cause lower body weight, but this difference did not reach statistical significance [F(1,34) = 2.91, P = 0.097; Table 1 ]. Gastrocnemius, plantaris and soleus muscles were heavier [main effect, 5%, F(1,34) = 4.45, P = 0.042; 11%, F(1,34) = 6.67, P = 0.014; and 20%, F(1,34) = 19.53, P < 0.0001, respectively] in VWR groups compared with SED ( Table 1 ). The extensor digitorum longus (EDL) was lighter [main effect, F(1,33) = 4.78, P = 0.036, ß10%] in MCK-PGC-1α compared with WT animals (Table 1) .
MCK-PGC-1α animals appeared more metabolically efficient compared with WT animals
MCK-PGC-1α-VWR animals ran approximately fourfold more per day compared with WT-VWR (ß400 compared with ß1700 m day −1 ), although we did note substantial variance between animals [F(1,17) = 5.10, P = 0.037; Table 1 ]. There was no difference in average CSA between groups (Table 1) or frequency distributions (data not shown) in TA muscle. There was no significant difference between any groups for caloric consumption or weight gain ( Fig. 2A and B) . However, food efficiency, a ratio of weight gained compared with grams of food consumed, was ß17% lower in MCK-PGC-1α animals, suggesting that MCK-PGC-1α animals gained less weight per calorie consumed compared with WT littermates [main effect, F(1,33) = 4.16, P = 0.049; Fig. 2C ]. MCK-PGC-1α animals had ß32.6% more SDH-positive fibres in TA compared with WT animals, regardless of VWR [main effect, F(1,106) = 34.59, P < 0.0001; Fig. 2D and F], demonstrating greater SDH activity in the muscles of MCK-PGC-1α, suggestive of greater mitochondrial content. Furthermore, PGC-1α protein content was ß100% greater in MCK-PGC-1α compared with WT [main effect, F(1,26) = 8.74, P = 0.006; Fig. 2E and H] and COX IV protein content was ß50% greater in MCK-PGC-1α compared with WT [main effect F(1,28) = 4.70, P = 0.038; Fig. 2G and H].
Impacts of physical activity and PGC-1α overexpression on glucose tolerance
There was no difference in GTT IAUC at 7 weeks (pre-WD) between genotypes ( Fig. 3A ; P > 0.05). However, at 11 weeks MCK-PGC-1α had ß50% greater GTT IAUC (decreased glucose tolerance) compared with WT [interaction of time and genotype, F(2,56) = 6.04, P = 0.0042, t(1,56) = 3.33, P = 0.0015] and ß60% greater IAUC compared with the 7 week time point [interaction of time and genotype, t(1,56) = 3.99, P = 0.0002; Fig. 3B ]. Wild-type animals exhibited no difference in GTT IAUC from 7 to 11 weeks [t(1,56) = −0.81, P = 0.422; Fig. 3B ]. At 15 weeks, both SED groups had ß50% greater IAUC compared with their 7 week time point [interaction of time and physical activity, F(2,56) = 4.49, P = 0.015, t(1,56) = 3.69, P = 0.005], whereas there was no difference in GTT IAUC from 7 to 15 weeks in VWR groups [t(1,56) = −0.46, P = 0.650; Fig. 3C ]. Furthermore, VWR had 30% lower IAUC at 15 weeks compared with SED regardless of genotype [interaction of time and physical activity, t(1,56) = 2.87, P = 0.0057; Fig. 3C ]. The MCK-PGC-1α-VWR animals had a 40% reduction in IAUC from 11 to 15 weeks [interaction time, genotype and physical activity, F(2,56) = 4.59, P = 0.014, t(1,56) = 3.81, P = 0.004; Fig. 3C ].
Voluntary wheel running prevented WD-induced declines in exercise tolerance regardless of genotype
For GXT, there was a main effect of genotype across all time points [F(1,35) = 22.85, P < 0.001], with MCK-PGC-1α animals running ß35% further compared with WT [t(1,35) = 4.78, P < 0.001; Fig. 4A ], similar to previous reports on these animals (Summermatter et al. 2010; Wong et al. 2015) . Running distances decreased ß30% in SED animals from 7 to 15 weeks, regardless of genotype [interaction of time and physical activity F(2,56) = 3.81, P = 0.028, t(1,56) = 3.03, P = 0.0036], whereas there was no change in running distance to exhaustion in VWR animals across time points [t(1,56) = 0.50, P = 0.617; Fig. 4A and B], suggesting that VWR prevented WD-induced exercise intolerance. At 15 weeks, VWR animals ran ß45% further compared with SED, regardless of genotype [interaction of time and physical activity, t(1,56) = 3.23, P = 0.002; Fig. 4A and B].
Voluntary distance run per day was correlated with glucose handling in WT, but not MCK-PGC-1α animals
Correlations comparing distance run per day with IAUC, body weight and epididymal fat were calculated. Distance run per day was found to correlate negatively with IAUC, body weight and epididymal fat in the WT-VWR animals (r = −0.7069, −0.7135 and −0.6746, respectively; P = 0.033, 0.031 and 0.046), but in MCK-PGC-1α-VWR animals there was no correlation between these variables and distance run per day (r = −0.299, 0.024 and 0.100, respectively; P = 0.370, 0.947 and 0.781; Fig. 5A , B and C).
Autophagosome formation was greater in VWR and MCK-PGC-1α animals
Total LC3 content, the summed density of LC3II and LC3I, was 144% greater in MCK-PGC-1α animals compared with WT animals [main effect, F(1,27) = 12.47, P = 0.0015; Fig. 6A and E]. There were main effects of both VWR and genotype for a greater LC3II/LC3I ratio, with MCK-PGC-1α animals having 1.45-fold greater LC3II/LC3I ratio compared with WT [F(1,24) = 8.41, P = 0.0078], and VWR animals having twofold greater LC3II/LC3I ratio compared with SED [F(1,24) = 5.50, P = 0.0277; Fig. 6B and E]. p62 content appeared lower in VWR animals, but did not reach statistical significance [main effect, F(1,27) = 3.75, P = 0.063; Fig. 6C and E]. There was no effect of genotype. The content of BNIP3, a marker of mitophagy, was ß100% greater in MCK-PGC-1α animals compared with WT, with no effect of VWR [main effect, F(1, 27) = 4.70, P = 0.039; Fig. 6D and E].
Neither moderate physical activity nor PGC-1α promotes PINK1/PARKIN-mediated mitophagy markers
PINK1 content was not different between any groups ( Fig. 7A and E) . Neither PARKIN nor p-PARKIN Ser65 content was different between groups (Fig. 7E) . The p-PARKIN Ser65 /PARKIN ratio was not different between any groups (Fig. 7B and E) . Total ubiquitin protein (Ub) content was not different between groups (Fig. 7E) , whereas Phospho-ubiquitin Ser65 , a specific marker of PINK/PARKIN mediated mitophagy (reviewed elsewhere by Nguyen et al. 2016) , was 2.5-fold greater in the MCK-PGC-1α animals compared with WT [main effect, F(1,28) = 25.37, P < 0.001; Fig. 7C and E]. The ratio of Phospho-ubiquitin Ser65 /Ub was approximately twofold greater in MCK-PGC-1α animals compared with WT [F(1,28) = 4.65, P = 0.039, main effect; Fig. 7D and E], with no effect of VWR.
LC3II/LC3I, but not PGC-1α, was correlated with glucose tolerance in VWR animals
The LC3II/LC3I ratio was significantly and negatively correlated with IAUC in VWR animals (r = −0.634, 
Figure 4. Graded exercise test and wheel running data
A, longitudinal data for graded exercise test. B, change in distance run during graded exercise test. * P < 0.05 different from designated groups. δ P < 0.05 different from 7 week time point. P = 0.0082; Fig. 8A ), but not with exercise volume (r = 0.215, P = 0.3953; Fig. 8B ). The correlation between LC3II/LC3I ratio and IAUC was stronger in MCK-PGC-1α animals compared with WT (r = −0.738, P = 0.036, compared with r = −0.462, P = 0.248), but we should note small sample sizes for each individual correlation (n = 8). Furthermore, across all experimental animals, the LC3II/LC3I ratio was significantly correlated with IAUC (r = −0.511, P = 0.004, data not shown). The PGC-1α content was not correlated with either IAUC or exercise volume (r = −0.091 and 0.169 respectively, P = 0.766 and 0.580; Fig. 8C and D) . Neither LC3II/LC3I ratio nor PGC-1α content was correlated with 15 week GXT values (data not shown).
Discussion
Considering that PGC-1α can promote not only mitochondrial biogenesis but also quality control mechanisms , understanding its impacts on the diabetic phenotype is important for understanding the aetiology of the disease. Previous studies on this topic have found contradictory findings using only cross-sectional experimental designs (Summermatter et al. 2010; Wong et al. 2015) . We are the first to examine the longitudinal impact of transgenic PGC-1α overexpression with lipid overload and physical activity. We demonstrate that hyperphysiological levels of PGC-1α may accelerate the initial development of glucose intolerance; however, physical activity has similar protective effects regardless of PGC-1α content, suggesting that improved glucose handling as a result of physical activity during diet-induced obesity is likely independent of direct PGC-1α-mediated events in the muscle. The LC3II/LC3I ratio, indicative of autophagosome formation, was correlated with glucose tolerance across all experimental groups; we are the first to show this correlational relationship between LC3 activation and glucose handling. Based on our assessments, it appears possible that enhanced activation of autophagy in the muscle, rather than PGC-1α, could at least in part promote the protective effects of physical activity on whole-body glucose tolerance. After ß4 weeks of high-fat feeding, MCK-PGC-1α animals exhibited exacerbated glucose intolerance compared with WT counterparts. However, after 8 weeks of feeding, this effect of genotype was ablated; instead, VWR animals exhibited improved glucose tolerance compared with SED, regardless of transgenic PGC-1α overexpression. This finding of accelerated glucose intolerance at 4 weeks is similar to previous research finding exacerbated insulin resistance in animals overexpressing PGC-1α (Miura et al. 2003; Choi et al. 2008) ; however, our data suggest that over time these differences between genotypes equilibrate. The mechanisms responsible for this initial surge in glucose intolerance remain unidentified and warrant further research. Regardless, physical activity protected glucose tolerance to a similar degree in both WT and MCK-PGC-1α animals, suggesting that physical activity-induced improvements in glucose handling are at least partly independent of direct actions of PGC-1α. This finding is similar to our previous work, where physical activity partly protected glucose handling and exercise capacity during high-fat diet feeding; however, 
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we did not see increased PGC-1α protein in obese VWR animals compared with obese SED , suggesting that PGC-1α probably did not mediate these protections. These two studies may suggest that during lipid overload, PGC-1α is not the predominant facilitator of exercise-induced protection in glucose tolerance, and this protection is mediated by other mechanisms in the muscle. It should be noted that we draw these conclusions based on whole-body GTT, which do not directly measure insulin-mediated glucose disposal nor are they specific to muscle tissue. However, GTT tend to have fairly high correlation with insulin tolerance tests (Sin et al. 1996) . Whole-body glucose tolerance has increased external validity compared with muscle-specific glucose uptake, but it should be noted that other tissues are likely to have contributed to the overall differences in whole-body glucose handling. Recognizing the limitations of our methods, our data suggest PGC-1α overexpression is not sufficient to protect against lipid overload-induced pathologies nor enhance exercise-induced protection in glucose handling. We observed differences in other phenotypic variables in our MCK-PGC-1α animals compared with WT. The MCK-PGC-1α animals had lower body weights, less epididymal fat and less storage of excess calories (food efficiency) compared with WT animals, suggestive of increased metabolic rate. Though we did not measure basal metabolic rates directly in this study, previous investigations using this animal model have observed increased fatty acid oxidation and lipid uptake in PGC-1α animals (Summermatter et al. 2010; Wong et al. 2015) , with no additional effect of exercise on these parameters (Summermatter et al. 2010) . These data suggest that increased PGC-1α may be partly responsible for increased metabolic rate and therefore less fat accumulation during high-fat feeding. Although we saw an effect of genotype on mitochondrial content, we did not see any effect of physical activity. This is similar to our previous work, in which muscle mitochondrial contents were elevated by lipid overload with no further augmentation by physical activity, suggesting a 'ceiling effect' on total mitochondrial content in WD-fed animals regardless of physical activity Lee et al. 2016 ). Although we did not see changes in mitochondrial content, it is important to note that this does not indicate the quality or efficiency of the mitochondria, which was beyond the scope of the present study and warrants further investigation.
Our data suggest that exercise-induced adaptations in MCK-PGC-1α mice are not dependent on exercise volume. In WT animals, exercise volume was correlated well with glucose tolerance, body weight and epididymal fat mass, whereas it was not in the MCK-PGC-1α mice. This contradicts previous research showing a direct correlation with exercise volume and body weight regardless of genotype (Wong et al. 2015) and is suggestive of alternative mechanisms mediating similar adaptations between genotypes. It could be argued that MCK-PGC-1α animals reached a 'ceiling effect' for adaptations, because some research suggests that even small volumes of exercise in humans are sufficient to maximize protection for glucose tolerance (American Diabetes Association, 2012). As there was no difference in VWR animals from 7 to 15 weeks on IAUC regardless of genotype, it is possible that these animals maximized adaptations for glucose handling with small volumes of physical activity. However, the present study and the previous study (Wong et al. 2015) did not control exercise volume, but related voluntary running volume to outcome variables, specifically glucose tolerance. As the volume was not directly controlled, we cannot determine a cause-effect relationship of exercise volume on exercise-induced adaptations in these animals.
In an attempt to determine potential mechanisms mediating the effects of physical activity in both genotypes, we examined mechanisms for clearance of damaged organelles, as previous literature has demonstrated a potential causative relationship between autophagy and insulin resistance (Yuzefovych et al. 2013; Bollinger et al. 2015; De Stefanis et al. 2015; Kruse et al. 2015; Liu et al. 2015) . To examine autophagic processes, some literature suggests using methods to block autophagosome/lysosome binding in order to measure autophagy (Klionsky et al. 2016) . However, previous studies have shown these methods to blunt exercise-induced adaptations (Ju et al. 2016) , and recent literature has demonstrated immunoblotting to give similar results to other methods (Miyagawa et al. 2016) . Therefore, we opted to examine autophagic signalling by immunoblotting for our assessment and interpretation of autophagy. Among these assessments, we observed an enhanced LC3II/LC3I ratio, suggesting a physical activity-induced enhancement in autophagosome formation (Klionsky et al. 2016) . Our data also demonstrate that autophagosome formation, by LC3II/LC3I, is correlated with glucose handling regardless of genotype, but does not appear to be inherently related to exercise capacity (as measured by GXT). Furthermore, although not statistically significant (P = 0.06), our p62 data imply reduced p62 content in our VWR animals, suggestive of increased autophagic resolution (Bjørkøy et al. 2009 ). The literature has demonstrated that exercise training enhances autophagosomal clearance (Lira et al. 2013) . Previous work has demonstrated that blocking autophagy attenuates aerobic exercise-induced adaptations He et al. 2012; Lira et al. 2013; Ju et al. 2016) . These studies, as well as our data, indicate that autophagy is not only needed for exercise-induced adaptations, but may also be a significant determinant of exercise-induced protection in wholebody glucose handling. Finally, we found no relationship between LC3II/LC3I and physical exercise volume in any animals; therefore, the exact stimuli contributing to the relationship between LC3II/LC3I and glucose handling remain elusive. It should be noted that our MCK-PGC-1α animals showed a stronger correlation between LC3II/LC3I and glucose handling compared with WT; this could partly be attributed to small sample sizes owing to methodological limitations. Furthermore, as examining autophagic processes was a secondary outcome of the study, our study design was not optimized to investigate the direct relationship between activation of autophagy and glucose handling; therefore, future studies specifically designed to examine this relationship are warranted.
The literature suggests that scavenging the products of damaged mitochondria, reactive oxygen species, may be protective against lipid-induced IR (Anderson et al. 2009 ); therefore, clearance of damaged mitochondria might be protective against IR. Therefore, we examined mechanisms of mitophagy and their relationship to physical activity adaptations. We demonstrated increased BNIP3, a marker of BNIP3-mediated mitophagy, in animals overexpressing PGC-1α. This agrees with previous research from our laboratory and others demonstrating that PGC-1α drives mitochondrial quality control mechanisms Greene et al. 2015) . However, our findings on PINK/PARKIN mitophagy in this model are inconclusive. Recent literature has suggested that Phospho-ubiquitin Ser65 is the predominant mediator of PINK1/PARKIN mitophagy (Nguyen et al. 2016) . We saw an effect of genotype on Phospho-ubiquitin Ser65 , which might suggest enhanced signalling for PINK1/PARKIN mitophagy. However, with no differences noted between any experimental groups for either PINK1 or PARKIN, it is difficult to draw strong conclusions on PINK1/PARKIN mitophagy in this model. However, the intricacy in the regulation of these two mechanisms of mitophagy certainly deserves further exploration.
In conclusion, our data suggest that transgenic overexpression of PGC-1α does not augment physical activity-induced protection against lipid-induced insulin resistance. Instead, we suggest that physical activity itself might be the greatest protection against glucose intolerance. This protection does not appear to be mediated by muscle PGC-1α and is therefore likely to occur through other mechanisms, possibly activation of autophagy in the muscle. However, more research investigating the activation of autophagy during lipid overload and exercise are necessary to elucidate fully the strength of these relationships and their effect on health outcomes.
